Beggiatoa leptomitoformis sp. nov., the first freshwater member of the genus capable of chemolithoautotrophic growth 
According to recent taxonomic studies, colourless filamentous sulfur bacteria of the genus Beggiatoa are assigned to Beggiatoaceae, a family of the phylum Gammaproteobacteria [1] . Unlike two other known genera of this family (Thiomargarita and Thioploca) and 12 new candidate lineages of Beggiatoaceae, the genus Beggiatoa comprises a small number of cultured representatives isolated from freshwater and marine habitats, with type species Beggiatoa alba (type strain B18LD T ) being the only freshwater species with validly published name [2] . The strains B15LD and B25LD are also assigned to this species. The type species forms a monophyletic cluster with closely related freshwater strains B15LD, B25LD [3] , Beggiatoa sp. strain OH-75-2a [4, 5] , strain AA5A [6] , Beggiatoa sp. 1401-13 [7] and Beggiatoa leptomitoformis sp. nov. strains D-401 and D-402 T [8] [9] [10] . At this moment, in addition to Beggiatoa sp.
D-401 (DSM 14945) and D-402 T (DSM 14946), only B. alba B15LD (DSM 1416) and B18LD
T (ATCC 33555) strains are available. Marine isolates Beggiatoa spp. MS-81-1c, MS-81-6c [11, 12] and the autotrophic strain MS-81-6 [13] are no longer available in culture. Beggiatoa sp. 35Flor, the only strain of marine Beggiatoa presently maintained in culture, is available only in a coculture with a Pseudovibrio species [14] .
Due to the difficulty of cultivation and the absence of pure cultures, classification of members of the genus Beggiatoa has been traditionally based on morphology (cell diameter and certain other morphological features) and habitat types. Starting from the ninth edition of Bergey's Manual of Systematic Bacteriology [15] , the type species B. alba was accepted as the only species with a validly published name, with the numerous previously described 'species' placed in the incertae sedis list.
In the present work, we report the isolation and characterization of a strain of freshwater filamentous gliding sulfur bacteria, which is identified as a novel species based on morphological criteria and its physiological, biochemical and molecular biological properties. Based on the results of taxonomic and molecular genetic analysis, a strain B. leptomitoformis sp. nov. D-402
T is described, the first freshwater member of this genus capable of lithoautotrophic growth by oxidation of reduced sulfur compounds. The major characteristics of freshwater B. leptomitoformis sp. nov. strain were compared to those of B. alba reference strain B15LD (DSM 1416) and type strain B18LD T (ATCC 33555).
Strain D-402 T was isolated from a sulfur mat in a freshwater spring contaminated with residential and agricultural wastewater (Moscow region, Russia). Filamentous sulfur bacteria were isolated in pure culture using agar medium containing the following (g l À1 distilled water): NaNO 3 (0.62); NaH 2 PO 4 (0.125); CaCl 2 .2H 2 O (0.03); Na 2 SO 4 (0.5); KCl (0.125); MgCl 2 .6H 2 O (0.05); agar (Difco; 15.0); pH 7.2. Prior to inoculation, the following components were added to 1 litre of the medium as sterile solutions: trace elements and vitamins [16, 17] , 1 ml; NaHCO 3 , 0.125 g; Na 2 S 2 O 3 .5H 2 O, 1.0 g; sodium lactate, 0.5 g [17] .
The Beggiatoa filaments gliding away from the inoculum were transferred into Hungate tubes half-filled with liquid medium of the same composition. Routine cultivation was carried out in the medium of the same composition and simultaneously under autotrophic microaerobic growth conditions in mineral medium without lactate [18] . In the latter case, strain D-402
T exhibited active growth. The technique for batch cultivation and determination of the optimal conditions for lithoautotrophic growth were described previously [18] . To determine the spectrum of utilized carbon sources, sodium lactate was replaced by one of the components listed in Table 1 . All experiments for determination of the ranges and optimal concentrations of the substrates, pH and temperature were conducted in the same medium. The temperature range and optimum for growth were determined by cultivation of bacteria at 0-40 C, pH values for growth were determined within the range of 5.5-8.5. Cell morphology was studied using a phase contrast microscope (NU-2, Zeiss) and a JEM-100C transmission electron microscope at an accelerating voltage of 80 kV.
Strain D-402
T grew at temperature 8-35 C (with optimum 28 C), at pH 6.0-8.2 (optimum 7.5-7.8) and at concentration of NaCl not exceeding 0.3 %.
Colourless cylindrical cells were united in trichomes with the length of 200 µm and more (up to 1 cm). Cell diameter in the filaments varied depending on the cultivation conditions, with average values of 1.5-2.5 µm. In the case of growth in the H 2 S-O 2 gradient, when S о is accumulated in the cells, it increased to 2.7-3.0 µm. Globules of elemental sulfur were accumulated in the cells of the strain growing in gradient media containing sulfides (Na 2 S, CaS or FeS). Abundant S о accumulation also occurred when it was grown in the presence of thiosulfate, tetrathionate, cysteine or organosulfur compounds (Fig. 1 ).
Cells had a typical Gram-negative cell wall. On ultra-thin sections, globules of elemental sulfur were observed in the periplasmic space and in invaginations of the cytoplasmic membrane. Apart from sulfur globules, intracellular inclusions of polyphosphate and polyhydroxybutyrate were observed.
D-402
T was the first and presently the only freshwater Beggiatoa strain capable of lithoautotrophic growth with various reduced sulfur compounds (sulfide, thiosulfate, tetrathionate and trithionate) as electron donors [9] . Lithoautotrophic growth of strain D-402
T occurred under microaerobic conditions with the concentration of dissolved oxygen in the medium not exceeding 0.5 mg l
À1
. The highest values of cell yield and specific growth rate were observed for bacteria growing in the medium with dissolved oxygen concentration of 0.1 mg l
, which approximately corresponds to 0.7 % air in the gas phase of the cultivation vials [18] .
Analysis of the genome of B. leptomitoformis sp. nov. D-402
T made it possible to reveal the genes involved in the oxidative catabolism of sulfur compounds (Table S1 , available in the online Supplementary Material). Initial genome annotation of B. leptomitoformis sp. nov. D-402
T was obtained from our previous work [19] . Additional gene prediction and functional annotation analyses were performed using RAST [20] and KAAS [21] with default parameters. The functions of some genes were checked manually by BLAST [22] using the non-redundant (nr) protein database. Pairwise sequence alignments were performed using the Needleman-Wunsch alignment algorithm (http://www.ebi.ac.uk/ Tools/psa/emboss_needle/). These data sources were combined together to identify the metabolic pathways and to assert a product description for the genes.
The genes encoding the enzymes involved in thiosulfate oxidation with the formation of sulfur and sulfates [23] were identified as genes of the Sox system (soxXBYZ) (Table S1) , with the absence of soxCD genes. The gene encoding sulfur oxidation c-type cytochrome, SoxX, consists of two regions: 'thiosulf_SoxX' and 'thiosulf_SoxA'. It should be noted that the presence of fused SoxAX proteins in several representatives of the family Beggiatoaceae was shown earlier [24] . To confirm the presence of the gene encoding the fused SoxAX protein, the sequence from B. leptomitoformis sp. nov. was aligned with the sequences of fused SoxAX proteins from other representatives of the family Beggiatoaceae, SoxA sequences of the Type I (classification by [25] ) and the corresponding SoxX from Proteobacteria. The alignment was calculated with Clustal Omega [26] . The alignment revealed the presence of all conservative sites of SoxX and SoxA (Fig. S1 ). The conserved sites within SoxX and SoxA suggest a fully functional fused protein SoxAX within the Sox system (soxAXBYZ), which takes part in thiosulfate oxidation and the formation of elemental sulfur and sulfates.
Biochemical approaches aimed to reveal activity of the Sox system in the cells of B. leptomitoformis sp. nov. D-402 T were used for experimental confirmation of activity of the Sox system and the possible activity of thiosulfate dehydrogenase (TsdA). Activities of SoxB and TsdA were determined as was described previously [27] . During autotrophic growth, SoxB activity in the cells increased 5-to 10-fold compared to lithoheterotrophic growth [9] . Activity of thiosulfate dehydrogenase was not revealed in B. leptomitoformis sp. nov. D-402
T by biochemical techniques, and the tsdA gene was not detected. (Table S1 ). The mechanism of sulfur oxidation to sulfite and sulfite oxidation to sulfate remains unclear.
Apart from inorganic sulfur compounds, strain D-402 T could grow with some organosulfur compounds: dimethyl sulfide, thiophene 2-acetate or thiodiethanol [28] .
Lithoautotrophic growth of strain D-402
T also occurred by oxidation of molecular hydrogen. B. leptomitoformis sp. nov. D-402
T was found to contain the hyaAB genes of the catalytic subunits (Table S1 ), which encode the large and small subunits of the group I membrane-bound [NiFe] hydrogenase [29, 30] .
The genes encoding the Rubisco subunits are frequently associated with a gene called cbbX [31] . This gene is present in D-402 T and B18LD T (ALG67244.1 and WP_050978397.1, respectively). The presence of red type Rubisco in D-402
T was shown earlier with the help of specific primers [32] . The red type Rubisco occurs in two distinct forms, IC and ID [33] . Since only the IC form is found in Proteobacteria, we infer that this form also occurs in strain D-402 T and B. alba The sequences were aligned using CLUSTALW implemented within Molecular Evolutionary Genetics Analysis version seven (MEGA7) [34] . Phylogenetic trees of RbcL amino acid sequences were reconstructed using the neighbour-joining and maximum-likelihood methods [35, 36] . The bootstrap consensus trees were inferred from 1000 replicates. Strain D-402
T forms a cluster with B. alba B18LD T on both trees and their identity with other sequences is much lower (82-84 %) (Figs 2 and S2 ).
This strain was capable of organoheterotrophic growth using a broad spectrum of organic substrates as carbon sources, which did not depend on the presence of thiosulfate in the medium.
Strain D-402
T could fix molecular nitrogen and it grew well in media without nitrogen sources. The presence of all genes of the nitrogenase complex (nifENXAHDKTSUVWZBOQ) in the genome of D-402
T is also another evidence of nitrogen fixation [37] .
The ability of the strain to fix nitrogen was tested using the acetylene-reduction technique of Stewart et al. [38] . Briefly, the strain was grown in triplicate in Hungate tubes in a nitrogen-free medium containing succinate under microaerobic conditions (5 % O 2 , v/v, in the headspace) to mid-exponential growth phase. Acetylene was added to a final concentration of about 10 % (v/v) in the gas phase and the cultures were incubated at 28 C on a rotary shaker (200 r.p.m.) for 2 h. The amount of ethylene produced was measured with a Crystall 5000.1 gas chromatograph equipped with a flameionization detector. An uninoculated tube was used to determine the level of ethylene contamination in the acetylene. Acetylene-reduction activity ranged from 3000 to 7000 nmol ethylene h À1 (mg protein)
À1
.
The differentiating characteristics of strain D-402
T and phylogenetically related freshwater Beggiatoa strains are listed in Table 1 .
The fatty acid profiles of cells for strains D-402
T and B. alba B15LD were determined using the Microbial Identification System (MIDI) Sherlock software version 6.1 (method and peak naming table: ANAER6) as described by Sasser [39] . Fatty acid profiles of these strains were rather similar. Predominant fatty acids were C 18 : 1 (46.1 and 53.3 %), C 16 : 0 (15.5 and 16.2 %) and C 16 : 1 (32.9 and 25.4 %) for strains D-402 T and B15LD, respectively ( Table 2 ). The data on fatty acid composition of other Beggiatoa strains were not available.
TDE, thiodiethanol; TAA, thioacetamide; DMS, dimethyl sulfide. *Jewell et al. [47] . †GenBank ID ALG69257.1. ‡GenBank ID EIJ41327.1. §Patritskaya et al. [18] . Genomic DNA isolation and purification were carried out according to Marmur [40] . Genomic DNA G+C content of the strain was determined by the thermal denaturation method [41] . DNA-DNA hybridization was carried out by the optical reassociation method [42] on a Pye Unicam SP 1800 spectrophotometer. Strain D-402 T had a DNA G+C content 42.1 mol%. The DNA-DNA hybridization value between strain D-402 T and B. alba strain B15LD was 33 %.
To determine the phylogenetic relationships of strain D-402 T and reference strain of type species of the genus Beggiatoa, the 16S rRNA phylogenetic analysis was performed. The 16S rRNA gene sequence of strain D-402
T was determined as described by Rainey et al. [43] . The 16S rRNA genes sequences of other freshwater Beggiatoa were retrieved from GenBank for comparative analysis. Phylogenetic analysis was performed as described above for RbcL amino acid sequences. Within the cluster of mutually related freshwater Beggiatoa species and strains, Beggiatoa strain D-402 T differed by 98 % from its closest relatives. (Figs 3 and S3) .
Protein-encoding genes are regarded as more useful for species discrimination. Therefore, the functional genes hsp60 were used as additional phylogenetic markers to discriminate the taxa at the species and strain level.
The hsp60 gene was amplified from bacterial genomic DNA of all investigated strains using the universal hsp60 degenerate primers H1612 (5¢-GAIIIIGCIGGYGACGGYACSACSAC-3¢) and H1613 (5¢-CGRCGRTCRCCGAAGCCSGGIGCCTT-3¢) and PCR conditions as described by Hill et al. [44] . The partial hsp60 (550 bp) gene sequences obtained for the Beggiatoa strains were aligned as described for the 16S rRNA gene sequences.
Similarity of nucleotide sequences of gene hsp60 (HQ909769) between D-402
T and B. alba B18LD T (JF745935.1) was 94 %.
Our data indicate high adaptive potential of strain D-402 T . Depending on redox conditions in the medium, it can use an organoheterotrophic, lithoautotrophic, or mixotrophic type of metabolism. Lithoautotrophic growth is possible only under microaerobic conditions. The strain was capable of using different organic compounds, sulfur compounds and hydrogen as electron donors.
The phenotypical and genotypical characteristics described above suggest that strain D-402 T belongs to a particular species of the genus Beggiatoa and differ at the species level from the previously described freshwater species B. alba. Since the isolates were initially described based on the morphological criteria alone and named Beggiatoa leptomitiformis, the species name should be retained but its orthography should be changed based on the rules of C and at salinity not exceeding 0.3 % NaCl. The organism is resistant to rifampicin (100 mg l À1 ) and neomycin (10 mg l
À1
).
The type strain D-402 T (=DSM 14946 T =UNIQEM U 779 T ) was isolated from a freshwater spring contaminated with residential and agricultural wastewater. The DNA G+C content of the strain is 42.1 mol% (thermal denaturation method). 
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